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ABSTRACT 

Many new adhesives with promising capabilities for use in building construction 
have time-dependent mechanical properties.  Their use has been limited primarily 
to nonstruL.tural uses due to lack of knowledge about these properties.  This 
study involved developing a useful test method to evaluate the long-term 
strength and stiffness of flexible adhesives, and exploring some methods of 
evaluating adhesive time dependency. 

A versatile test apparatus was developed for this purpose, capable of producing 
creep, stress relaxation, and creep-rupture strength data.  A feature of the 
apparatus is automated collection of data at selected intervals in a format for 
computer processing.  Strain-time data from preliminary tests of five adhesives 
were analyzed for fit to algebraic expression, creep modulus verus time, 
isochronous stress-strain behavior, and creep-rupture strength.  Problems 
encountered particularly in the equipment development stages are described 
and suggestions made for future improvements.  In spite of the experimental 
difficulties, useful data were collected and are presented in a format useful 
to designers of structures that use flexible adhesives in structural joints. 
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INTRODUCTION 

Need 

22 ^ÄJT^JL^tX0"^111"'"-'" USe *» b—^ instruction 
is loaded.  Use o'f adhesi^es ^xth tiL-dTe" T"^   ^ ^"^bondematerial 
primarily to npnstructurai purposes or those r  f^"63 ha* been limited 
not long-term stiffness or strength  Other  """J""« only short-term stiffness 
Properties have been used succesf ■ ily where loirfS With "«-dependent      ' 

^™* ••«•■ — *~. p-s^L^Px
r;;PrSdh ri~; 

Sl'hefr P-^V^^^-^ «J-r.. such as floor diaphrams (4 8) ,, 

adhesives less stif^nd less sTronf k T*  develoP^ to make use of ~~  ' 
long-term strength and long-term stfffne^T ' *"'  ***  th6Se ^-atils, 
presented to the designer L meaning™"™*"™  mUSt be fluted and 
«dheaives with time-dependent properties in build?18 ^"^ °f US±^  flexi"e 
in a previous report (14).      P      ln bulldln8 construction was discussed 

Objective 

2«'l««s.     At   the present  timo   there  Snf ^! /'""" "lth  "«-iependent 
describing these properties of adhesive"      Thf ""'""' f°r "e">"-in8 or 
toward  that end,   for the Increased use „f    ™ls.re>>°" «y Provide a start 
P^es  improved effdelene, or "ooHsfanf SJ^",^- "»«rnctlon 

«.co]^""1"1^7"^^^ 

BibU^ra^rät'the^Tf  S.'^T*  "'"  '°   "~  "^   '"  «* 



Scope 

The method described here is useful for measuring the long-term load-slip 

iaXloire i:v::ifTdulrl' recovery-or ««"-«*'«" «« of tU.ki
p
lv, layers less stiff and strong than the wood that is bonded. The equipment 

exporseedattoVe
f
y "^ "*  ^ ^^  °f yleldlng test «suits frSs^Sen, exposed to temperatures as high as 70° C (160° F) and water soaking  Wirh 

simple modifications, the apparatus can be converted from co'tanf stress 

ZilZllZ   "I  C°nStant Straln «>»"8««"on.:wlth continual automated monitoring of strain or stress with time. 

Terminolo SZ 

iSriöärt f0rCe aPPlled t0,   thC SPeclraen at *ny given time.  In creep testing the load is a constant or dead load. <-es,cing, 

^^™IZ^^I^^TZ ::Pz:/z:rds on either side of 

":mfs^f^rS)"nrAsxMiir(in
d in this report are adcpted °r 

|h|ar_stress.-The stress component tangential to the plane on which the forces 

geep_^rain.-The total strain at any given time produced by the applied 
stress during a creep test.  Note:  The term "creep," as defined in IsTM E 6 

ac'uaaiS p8ranceta ^ rd " rhe0l°8y' *   ^ n°nelast^ Portion of strain  L 
■! ^^^^^ZL^^^-^^^ ---d--- 

-  ; reflects current H^i^^^™^^  £ *™ £™ 

' • I Sfr^aT^'^eloId0"1 ^^ ^ ^^ " "" g^ "« *>««*«* 

[ Creep-ruptu^strenfith.-The stress that will cause fracture in a specimen 
| under dead load in a specified time and environment. specimen 

^ F Sp|_sJ^tral2_diaSram.--Ä diagram in which corresponding values of stress and 

I       ^s^sf^^ - 
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Figure 1.-Individual creep test chamber showing load cell at the too norr« f 

. (M 145 895) 



EQUIPMENT DEVELOPMENT 

Creep Test Chamber 

Sd SeadlnS' f K      def-load  test  "<*"* is  the  individual environmental 
temoer^Jr       ,       /'     ^  Ch3mber SUPpHeS  relatively constant  load, 

s«e ?kS;,c^bri;t?-e/^the ?pecimen wichin u- Loads up c° io° ^ioß— torce (kgf) can be applied directly or up to 1,000 kgf by a lever.  Temperature 

04 r2» F\  ^
er

7n
a: ^V>ntTolled  from ambient -om conditions 23 fr" 

con^oUer "LV ±  , ? ^ ± °'2° F) USiRg individ-l heaters'and a 
" °i6;r Moisture condition can be varied from 44% relative humidity (Rh) 

at 23 C (or ambient at elevated temperatures) to 100% RH or water immersion 

layer s^if thTSad^ Vf' »"" pr°vides continuous readout of t HSe idyer sup, the load, and temperature. 

Twenty such chambers, shown in figure 1, were built and installed five to a 
bench on four benches, as shown in figure 2. Each test unit is constructed 
of 6-inch Standard 405 type 6061-T6 seamless aluminum pipe, with 1/2-inch^thick 

^"witH r -T/T^/1?GS- ThS Plpe W3S trued ^ide -d ou on a 
11 5 Inch l! flni!he<* inside diameter of approximately 6 inches, and a 

support bench are supplied in Appendix A. 

1.  Load 

ofStheP^irnS
ir

e-SUSP!nded ln the Chamber ^ a rod extending from the top 
A h«rd  /  cell ring through the lid to the upper specimen grip (fig 3) 

seal and 1-8rOUnK ^T  'fflXed C° the loWer Srip P-sees ■ thrfugh a rubber' 
ArS,h 2 JT" ual1 bUShlng asse™bly and through the bottom of the cylinder 
Attached below the hardened shaft is a flexible cable connector which is 

i;t;
sttiird

ectlito-thedeadloadortoaiever*-^; iis 
connector.  The rods and grips are made from stainles«; ^Li   TU»  -   ■   ■ 

to°wmaprdneth: i?otd\r:hjrhe; r ,alum±n- s- <:" »^.rT^s8 

positioned   toward   the  rear of  each bench  so   the  fre'e end a v       (th^ 

bencher 4nB8)       Thff'  Pa^   " StiU  l0Cated  tOW3rd  the   front of each 
on  pLh   i 3 P1VOt   iS  f±Xed  but  two  Portions  are  provided on each lever so  that either a 10-to-l    or 20-i-n  1   ,-,,-,•„    *    dLt\Proviae^ 
actual dead weight can be achieved ' ° °f specimen load  to 

A movable jack platform was  constructed to  fA<-n-!»-=,i-»  i„-,,*•       c- 
smoothly and  simultaneously.     The ja^arranSentlhowTn^i  u^ Ho^Sts 
of a  lower platform on 4-inch hard swivel  casters,   a  1.5-ton hydraulic  Jack 

11™*  7^1 P}atf°™ to hold   the weight  pans.     The bottom of  the  Jack it 

five specimens. 
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Figure 2.-•'Five test chambers mounted on a bench capable of supporting their 
dead load.  The chamber at the upper right is enclosed in an individual 
insulated box for testing at an elevated temperature. 
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DIRECT 

DEAD LOAD WT 

FRONT- 

LEVER 
DEAD LOAD 

w am 

A 
WT 

1    A   ^"^hematic drawing of test chamber in:  A, the forward (direct 
dead load) bench position with easv access to the weight pans- B  the 
rear (lever dead load) bench position maintaining easy access to'the 
weight pans. 
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SMSS» 

Sec"««  Ä  to0Lnu±n S8rS  2'   T ,PlaCed Und6r  the wel*ht  — °f 

failure-occurs. ' "" Sh°Ck  t0 adJ°i"ing specimens when 

2.     Hear 

«S cy^r^ig! Jj" T^e ^tinf^t heatin§ "^ ^^ C° ^ OUtS"e °f 

design called forVL^uirco^rSJe/Sr^h ^ T^1*1" ^ °ri8lMl 

cost mounted,   a compromise was  necessary f 
Chamber-     However,   as 

for  five  chambers,   with a vlriallplT'     In«tead,   one controller was  used 

each chamber   to  compensate  LiL  fire  ell ^  lo^^  ^ r^1" ^ 
A second  modification necessitar^  h^ SS  am°ng  the  chambers, 
enclosure  for  the  five units\w     ^  t  /■   COmProniise »« a coomon  insulated 

Each  five-unit encloslHal * d^  ^  ^hSn1"51'1;'^ »fcl°«'"- 
ture  inside  the  chambers.      (Note-     A differentL?•       P  equallze  the  tempera- 
mats would be  preferable when    «  ,.  dl"e«nt  heating system from  the bonded 

But   this   compromise s^st^rSJ I^well "aStvV f^tT'  ""^ 
to  individually  insulated  cylinders  fo/replicate   teJtinJ       $     b*.preferable 
voltage supplied   to each 'unit-     rha  .- reP-Llcate   testing.     By adjusting  the 
maintained within  1.0°  C. temperature spread  among  the units  can be 

wSrSlVS"^^^Jfd » -curacy of ± 0.5°  G.     Since wood   3S a  good 
cycle  is  reduce? to  abou  T0 1°  0^^       "^ ^  t0  "*  ^trollera'   o„foff 

sensing was  by a  surL/t^Sr  SeT^t^^^lJ^^ 

3.     Moisture 

humidity or water-soak   test/     L\ are  closed with a cork during high 
is  locaLd  are  23°  C   (74°   K   'anj 44" m^l^t-'"  the/°- ^ere  the apparatus 

9% at  49°   C   (120°   F)   and  4% at   70°   C   Q60°   F)       ^  "^  hunl-dlty  dr°PS   to 

wood moisture  contents  of  8     2     and  ir       n. conditions  correspond   to 
o,.A   and  U.     They  constitute   the dry  test  conditions. 

SsSnedhif£. ^Sl1!? W
F

6"  C°rdU
K
Cted  by  ClOSi^  the  ports and supplying 

The water  level  in  the f LK     ^  chamb«s were  hooked  to a  common  supply'.     8 

valve.     Each cylinder  has^ ^St"? "*  C°\tr°lled  ^ an adjustable  float     " 

a  test.     A pool o" liter in S boSoTof°      h T**   '^ Can be Checked duri*S 
100% RH at  each  temperature    dl^H u ^^ WiU  result   in close  to 
against vapor lossT Sese  coSjt^^" ^   ^  C^linders  *«  sealed 
about  28,.     They constituTthe"oist  ^"Zit Sn! ^  ^^  "»^ °f 

Sat -r^^^^ ^ rins the 

:r^adS: ^tu;if;--ve^shrr f^^-^* 
the water level can be raised ab"ov,\h ! i b°"°m end of the cylinder so 
bushing restrains thshaft Irom ittlZ I" "* b°tt0nK The Unear bal1 
the shaft and rubber ^ m°tl0n C° mai"tain the seal between 



Slip Gage 

Figure 6 shows the aluminum brackets with a linear variable differential 
transformer (LVDT) comprising the slip gage. One bracket supporting the 
I.VDT is fastened to one adherend and the second bracket, attached to the 
LVDT core, is fastened to the second adherend. The brackets are attached 
with screws and the LVDT core is bonded to its bracket with RTV silicone 
to eliminate unwanted lateral movement. 

This slip gage design was the most successful single LVDT gage tested.  This 
gage.may yield erroneous measurements if the adherends rotate or bend signfi- 
cantly, or if the wood changes dimensionally during the test.  It is possible 
that a more intricate gage might be designed to eliminate or minimize these 
effects; however, the precise machining and the quantity required, 20, would 
have been prohibitive in this exploratory study.  The approach to minimize 
slip gage errors was to: 

1. Design each adhesive specimen to eliminate adherend bending. 

2. Test each specimen for rotation before accepting it as a creep 
specimen. 

3. Carefully condition each specimen to equilibrium moisture content 
in its creep test chamber before applying the load. 

The procedure for designing joints and a special two-transducer slip gage for 
measuring rotation are described in a previous report (14).  Moisture and 
temperature equilibrium were assumed when the slip gage LVDT readings remained 
constant for a period of 24 hours. 

1.  Displacement Transducers 

The adhesive shear deformation was measured by the shear displacement or slip of 
the specimen adherends.  The instrument used to measure slip is a linear variable 
differential transformer (LVDT) manufactured by the SRC Division of Moxon, Inc. 
The LVDT consists of a sealed body and a movable core.  Transducers of two 
sensitivities were selected:  Type I - + 5.000 VDC output for +1.27 mm 
(+0.050 in.) core displacement, and Type II - + 5.000 VDC output for + 2.54 mm 
(+ 0.100 in.) core displacement.- Both types have 0.1% linearity.  Ten of each 
type were purchased for the 20 test units.  The original equipment desigi. called 
for all 20 LVDT's to be hermetically sealed for use in high humidity, or immersed 
in water; however, the cost of-hermetically sealed units was twice the standard - 
unit, so only five hermitcally sealed LVDT's of each sensitivity were purchased. 

Nineteen volts were supplied to the LVDT's xn groups of 10 by two identical 
precision d.c. power supplies.  The LVDT input and output voltages were 
continuously recorded by a data handler and collection -.ystem described later. 

-10- 
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Figure 6.—Aluminum slip gage with LVDT mounted on a thirl- *HW A     ■     , 
creep specimen.  The bracket supporting the LVDT i*  )l  ,  adherend single-lap shear 
and the bracket to which the LVM core iattSed itf»T T  ^ r±ght adherend 

(M 145 896) attached is fastened to the left adherend. 
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2.  LVDT Calibration 

Each LVDT was calibrated for voltage output as a function of core displacement 
and input supply voltage..!'  Two sets of LVDT output voltage measurements were 
made at five core positions with a given input voltage.  Then the procedure was 
repeated at four additional voltages.  The calibration points were: 

Type I LVDT 
Core position 
Input voltage 

Type II LVDT 
Core position 
•Input voltage 

1.0, 0.5, 0, -0.5, -1.0 mm 
16, 18, 20, 22, 24 VDC 

2.0, 1.0, 0, -1.0, -2.0 mm 
16, 18, 20, 22, 24 VDC 

This two-way calibration enabled correction of the LVDT output voltage for any 
short- or long-term variation in the input voltage.  The development of this 
correction procedure is explained in Appendix B.  The final equation for 
accomplishing the correction is discussed in the section on data correction. 

Figures 7 and 8 show the two calibration plots for LVDT output voltage (V ) 
versus core position (A), and output voltage (V ) versus input voltage (V°). 

Load Cells 

Load cell rings, were machined from type 6061-T6 seamless aluminum pipe.  Outside 
diameter was 2.990 inch.  The wall thickness of the rings varied with load 
capacity, 0.126 inch for 100 kgf rings, and 0.365 inch for 1,000 kgf capacity 
rings.  See Appendix A for more details.  Four phenolic-glass-foil transducer- 
grade strain gages were bonded to the inner and outer walls of each ring, as 
shown in figure 9, using a special epoxy adhesive for long-term load applications. 

The gages were wired to form a Wheatstone bridge with four active arms, as shown 
in figure 9.  The wiring included a zeroing or balancing potentiometer and 
polarity reversal switch.  Load applied to the -ing changes the resistance of 
the gages.  The resistance change is additive for maximum output.  The 
resistance change causes a voltage-current change in the direct current output 
side of the bridge.  The voltage change is measured.  Most of the load cells 
produced approximately 0.0160 VDC output under full scale load when supplied 
with a 10-volt excitation.  In conjunction with a voltmeter reading to 
0.0001 volt, it is possible to resolve 0.625 and 6.25 kgf with the 100 kgf 
and 1,000 kgf rings, respectively. 

Data Collection 

Data from the displacement transducers is fed to an automatic data acquisition 
system consisting of a data coupler, analog scanner, digital panel voltmeter, 
day counter, and digital hours-minutes-seconds clock. 

In operation the system records the day and time and then sequentially scans 
from 1 up to 60 channels of input data.  The input data may vary from -4.0000 VDC 

3/ Even though very stable power supplies were used, their output voltage 
drifts over the long time period of a creep test.  After determining the LVDT 
input-output voltage coefficient, the computer was used to correct each LVDT 
output reading for power supply drift. 

-12- 
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Figure 7.—Sample calibration plot of one LVDT voltage output (V ) as a 
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Figure 8.—Sample calibration plot of one LVDT voltage outpu fv ) as a 
function of the input voltage (V ) and the change in the relationship 
dVQ/dV as a function of the core position (A). 
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GAGE WIRING 

(TENSION)     A, 

C) EXCITATION 

(COMPRESSION)     Dt 

(-) EXCITATION 

(-) OUTPUT (') OUTPUT 

GAGE LOCATIONS 

Figure 9.—Strain gage arrangement -i id wiring diagram for an additive 
four-arm bridge load cell. 

(M 146 248) 

-15- 



to + 4.0000VDC.  The scanner will read 40 channels per minute. The frequency 
of scan is variable from 1 minute to several days.  Digitized data from each 
channel is then recorded on a teletype.  Punched paper tape output is also 
available for computer processing. 

Originally the system was designed to use all 60 channels, recording the LVDT, 
load cell, and thermocouple outputs of each test unit.  For various reasons, 
this design was not practical.  The present system is designed to read the 
power supply voltage to each LVDT and then the LVDT output for each test unit 
in turn.  This particular change was necessitated by power supply drift over 
the duration of the creep tests.  Recording the input and output voltages in 
this fashion allows the computer to correct the LVDT output according to its 
input at a given time by the equation provided in the following section. 
Figure 10 shows a single teletype recorded scan of 40 channels (20 test units). 

For the present work, direct dead loads are used without concern for the 
possibility of load changing during test, so load cell output is not recorded. 
Secondly, the thermocouple output would require additional signal amplification 
to obtain useful resolution with the + 4.0000 VDC digit panel meter of the data 
acquisition system.  Continual high resolution temperature sensing and recording 
would be a useful feature to further improve this system. 

Data acquisition systems now available, provide for signal amplification and 
conversion to engineering units which the present system does not. 

Calculat-on of Corrected 
Creep Shear Slip 

In this study the creep shear slip is assumed equal to the LVDT core displacement. 
The core displacement, in turn, is in proportion to the LVDT voltage output at 
a given voltage input, as shown in figure 7.  Thus: 

A - A 
o   t 

V - V 
o   t 

(1) 

where: 

A - A = 
o   t 

creep shear slip, 
core displacement fron start (o) to some time (t), 

Vo = LVDT volta8e output at test initiation, 

V = LVDT voltage output at time (t), and 

b = regression coefficient from the relationship V = a + bA. 
o 

But because the input voltage may vary over the long time of a creep test and 
the LVDT output voltage is a direct function of the input voltage (i.e., 
VQ = a + m Vj, V.J. = input voltage) the equation below was developed to calculate 

the creep shear slip as shown in Appendix B. 
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Figure 10.—Teletype record of the time of data collection and the LVDT input and 
output voltages for 20 test units.  The number 314140002 represents the day and 
time, i.e., 316th day, 14 hours (2:00 p.m.), 00 minutes, and 02 seconds.  The 
first two digits of the remaining numbers indicate the data channel.  Odd-numbered 
channels are LVDT input voltage.  The following even channel is the corresponding 
output voltage.  The (+) or (-) signs indicate plus or minus voltage.  Numbers 
following these signs indicate the d.c. voltage. 
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S = A    - 

where: 

m = LVDT coefficient 

L0 ~ SL 

o~At4 (y-s) 

0.1600 for Type I LVDT 

0.0800 for Type II LVDT 

(2) 

0Q - initial voltage output 

K    -   ■    . 
o ~ lnitlal voltage input 

t  V, 

V 

0t = voltage output at time (t) 

I. 
it - voltage input at time (t) 
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EXPERIMENTAL 

Adheslves 

A brief summary of the adhesive's physical, chemical, and mechanical properties 
is given in table 1. 

Adhesives C, A,«W, and M are commercially available mastic adhesives commonly 
used in building construction.  Adhtsives C, A, and W have been certified to 
meet or exceed the requirements of the American Plywood Association Specification 
AFG-01 for use in the Association's glued floor system.  Adhesive D is commercially 
available, and used in industrial applications for bonding and repair of metal, 
rubber, cloth, wood, and other materials.  All of these adhesives form a cross- 
linked molecu1 ix  network soon after bonding. 

Test Specimen 

The key to accurate measurement of the stress-strain behavior of adhesive 
layers in single lap joints is to design the joint to minimize stress 
concentrations within the layer under load.  Stress concentrations are less 
of a problem in long-term tests of viscoelastic adhesives than in short-term 
tests, since they will be relieved with time.  Still, for the most accurate 
results, particularly in defining the early portions of the creep and recovery 
curves, stress concentrations should be minimized.  This can be done by designing 
the joint so t^e stress uniformity parameter ßS- is less than 1.0 as described in 
an earlier report (14). 

where: 

G = short-term adhesive shear modulus, 
t = adherend thickness, 
H = adhesive thickness, 
E = adherend tensile elastic modulus, and 
c = 1/2 the joint overlap length. 

The earlier report describes a tension lap shear specimen with standardized 
hard maple (Acer saccharum, Marsh) adherends.  The standard adhererd is 
20 mm wide, 16 mm thick, and must have a specific gravity of not less than 
0.65.  The tensile elastic modulus of maple at a specific gravity of 0.65 is 
approximately 12,600 MPa.  With adherend thickness (t) and modulus (E) fixed 
and an estimate of the adhesive shear modulus, the joint overlap length and, 
if need be, the adhesive layer thickness can be manipulated to produce a test 
specimen with the desired ß£. value. 
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used in this study 
lesives 

Adhesive 
designation Elastomer Liq uid vehicle Solids Shear 

modulus 
1/ Shear   • 

strength— 

MPa MPa 
C Neoprene-phenolic Petroleum distillate, 

acetone, toluene 
53 35 8.4 

A Polyurethane 
(1-part) 

None 99 1.01 2.42 

D Polyurethane 
(2-part) 

None 99 15.9 2.90 

W Acrylic latex Water 40 1.34 3.10 
M Polyurethane 

(1-part) 
None 99 2.79 3.33 

1/ Shor<- ' 
n   ->n Th> ■, . "uuulua  measured  at   Z_r   C-44%  r< 
0.20 MPa cyclic stress   (0.0667 Herz). 

2/  Strength measured at  23°  C-44%  relative  humidity. 
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laver thtv^ specime™ for adhesives listed in table 1 had average adhesive 
layer thicknesses as follows:  Adhesive C - 0.5 mm, A - 0.5 mm, D - 0.6 mm, 
?n"  A   <n'    adhesive M - 0.3 mm.  Joint overlap lengths of 20, 50, 20, 
50, and 50 mm, respectively, satisfied the requirement for &£ less than 1.0 
xn eacri case. t 

AtXLtZCri]l^  ln the earller reP°rt (^> WaS USed t0 contro1 adhesive layer thickness.  All specimens were bonded initially with a 50-mm overlap length. 

frtl TrTT?\i   %taP  1f8th 1S shortened by -wing equal amounts fro, the tree end of both adherends. 

■•'v 

Loading Procedure 

The specimen with slip gage in place and grips and tension rods attached is 
placed in the test cylinder.  The upper tension rod passes through the cylinder 

LvDT^   H  Vrd C6lh and 1S faSt6ned b* a nut °n toP of ^e load cell  Z 
and tltenIL"  ?-TU3lly t0 * "" P°Siti°n near the max™ retracted position and then the cylinder cover is closed.  The initial voltage output of the LVDT 

hangT TL^TTT"  T^^ for 2* »ours or uncil the're is no father 
change.  This is best done by using the automatic data collection system. 

The weight pans are prepared during the period required for the LVDT to reach 
aositioLT1UH reafn§-  F1Ve W6ight PanS are Placed °n the ^ck and then 
Attachment "h  LT   "T ^^   f" attach-nt to the lower tension cable. 

if       ^  "fy Carefu11^ without disturbing the specimen. 

at equilibrium    8S  ^  ^^  ^^ WU1 r6V6al lf the LVD? is sti11 

In the present test setup, the data handler scans 40 channels per minute  It 

sp?cimXsTtwr-°ndS ?  Tan a repliC3te °f f±Ve BPecimen3P(2 chanSis  r 
ulZl  ^ t tS  a Sll8ht err°r built int0 the early creeP strain readings Using the jack each set of five specimens is loaded 15 seconds before the 
»flit  "Pe™n X" ^e Set is scanned.  Thus the first specimen is read 15 seconds 
after loading and the fifth specimen is read 30 seconds after loading  The 
hydraulic jack platform allows the load to be applied smoothly in 1 to   5 seconds. 

Test Environment 

\ The data described in the Results were obtained fro 
23 C and 44% relative humidity. 

m specimens exposed at 

Data Processin S. 

In the early period after loading, readings are made every 2 minutes  After 

4 to 8 hourT^h' the Tn freqUCnCy iS deCreaSSd t0 5 °r'10 ■*"«; "and af er 4 to 8 hours, the scan frequency is changed to 30 minutes.  Finally after 
24 hours the frequency is reduced to once every hour. 
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The large volume of data collected is processed by computer in three steps: 
(1) Error search and edit.  (2) Convert LVDT output voltages to adhesive 
strains, arrange data according to replicates at like conditions, and attach 
an identifier  (3) Convert date-time of each strain to minutes.  Optional 
steps may include averaging strains, plotting individual or average straps 
versus time, and fitting an equation to the data or various calculations of 
time-dependent behavior based on the data. 

Calculations 

Dead load  _   Load 
shear stress  Bond area (4) 

Creep rupture     Load 
stress   ~ Bond area (5) 

Creep modulus = -——-  x Adhesive layer thickness 
Creep shear slip Bond area      CreeD shear'elin (6) 

Fractional_  _  Unrecovered strain 
recovery      Maximum creep strain ^ 

Reduced _    Recovery time 
time   Preceding creep time (8) 

i 
\ -22- 
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METHODS OF ANALYSIS AND RESULTS 

A tracing of a direct computer plot of the cre^p strain and recovery versus 
time is shown in figure 11.  The shape of the creep and recovery curves shown 
is characteristic of the behavior of adhesive'-s C, D, and W.  Adhesive A had 
a greater instantaneous elastic strain upon loading and instantaneous recovery 
upon unloading.  Adhesive A's creep and recovery were less time dependent than 
the other adhesives. 

Curve Fitting 

Since it is not feasible to conduct creep tests for time periods equal to the 
service life of a structure, it is useful to fit an equation to the data for 
extrapolating creep behavior beyond economically feasible test periods. 

Attempts to fit equations to this creep data were moderately successful using 
the power law, a common expression for creep behavior, as the starting point. 

e(s) = AsP (9) 

Where 

e(s) = time-dependent shear slip, 
A = nonlinear material function of stress, 
s = time, and 
p = material function. 

This equation was fitted in two linearized forms: 

logey = logea + b loggx (10) 

and 

logey = log a + b log x + -J (11) 

where 

y = time-Jependent shear slip, 
a, b, and c = derived material constants, 

x = time in minutes, and 
m = selected exponent. 

These equations were fit to sets of data for adhesives A and D in two segments- 
one corresponding to the creep portion and the other to recovery.  Each set was 
comprised of fxve specimens.  For adhesive D, the starting point for the creep 
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equation was zero strain, and for the recovery equation the starting point was 
the maximum creep strain.  Adhesive A had large instantaneous elastic strain 
upon loading or removal of load.  This instantaneous strain amounted to 
approximately 0.3380 mm/mm upon loading and 0.3580 mm/mm upon unloading.  For 
curve fitting then, the starting point for the creep equation was 0.3380; for 
the recovery equation, it was the maximum creep st-ain minus 0.3580.  For 
plotting, the instantaneous strain must be added to the equation result.  The. 
fitted equations are shown in table 2. Three equations include the term \/l, 
found to improve the fit in the rapidly changing early portions of the curve.x 

Figure 12 shows tracings of the actual curve and the fitted curve for adhesive D 
at 0.74 MPa constant stress.  The fit of adhesive A was as good, while adhe- 
sive D at 0.49 MPa constant stress had considerable deviations in the creep 
curve. 

Creep Modulus 

In the absence of an adequate, simple theory to explain the stress-strain 
behavior of nonlinear viscoelastic adhesives, the plastics industry has 
adopted the concept of creep modulus (3,5_).  Creep mod-lus is calculated the 
same as the elastic shear modulus (see equation (6)) except that the strain is 
time-dependent.  For this reason creep modulus must be identified by time, but 
this should not present a problem to designers.  Wood structure designers' 
currently apply design factors for duration of load (9).  The designer concerned 
with a snow load, for example, may choose a creep modulus at 1 month.  This, 
of course, is a simplification since creep modulus must also be related to. ' 
temperature, moisture, and possibly fabrication variables. 

Plots of creep modulus versus time not only provide values for use in conventional 
design equations but also a realistic rank of materials.  The behaviors of five 
adhesives from this study are compared in figure 13.  In the figure, creep 
modulus is plotted versus time for convenience.  Adhesive M's behavior appears 
to be linearized by the semilog relationship:  Gt = \A  (log x - A).  The 

behavior of the other adhesives is not linearized by the sealloS transformation, 
but fit the logarithmic-hyperbolic relationship used by Kinney (5): 

Gt = 
A + B log 
1 + C log x (12) 

where 

G = creep modulus, 

A,B,C = regression coefficients, and 
x = time in minutes. 

Fitted coefficients for the equation, based on five specimens of each adhe- 
sive.are shown in table 3.  Adhesives D and M had four equations.  The coefficients 
for adhesive M are uniform from equation to equation; adhesive D's coefficients 
are quite variable and the reason for the variation is not apparent.  The 
agreement between the observed and predicted values was excellent in all cases 
The greatest difference was 0.06 MPa but, in most cases, their difference ranged 
from 0 to 0.02 MPa. 
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•Table 2.—Fitted creep anrf recovery equations 

Adhesive Stress 
level Equations 

MPa 

0.2    Creep y = e ("2.8879 + 0.1625 log x)    1/ 
e  + Yj-' 

Recovery y = e^~2'3207 + °-699 log x)    2/ 
Y2~ 

0.3    Creep y = e("3.8775 + 0.2988 log x) 

Recovery y = e(
_1-279 - 0.0321 log x + (0.10328)32 r x

7) 

0.2    Creep y = e(-*-0598 + 0.2230 log^ + (0.26744)
27 v x

7) 

Recovery y = e("0.7394 - 0.1755 log x + (0.10121)
32 +  x

7) 

1/ Y - instantaneous elastic strain upon loadi ng = 0.3380. 
2/ Y = i instantaneous elastic recovery upon unloading = 0. 3580. 
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0.10 

0.05 

ADHESIVE  D 
(0.74 MPa) 

I _L 
0.0     5.0     I0O    15.0   20.C   25.0 30.0   35.0   40.0  45.0   50.0 

TIME (1000 MINUTES) 

Figure 12.—Observed creep strain versus time curve for adhesive D and a curve 
corresponding to the fitted equations for creep and recovery 

(M 146 255) 
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Table 3.—Coefficients for logarithmic-hyperbola- fitted to 
the creep modulus versus time data of several 
flexible adhesives 

Adhesive Stress level 

A 

C 

D 

M 

MPa 

0.37 

1.00 

-0.1245 

-3.5789 

-0.0869 

-0.0460 

-0.5274 

-0.5189 

0.98 -17.5030 1.8194 -1.4892 
1.23 4.9080 -0.8356 0.0223 
1.47 -19.1167 2.7889 -2.1236 
1.72 -2.4096 0.2067 -0.7935 

0.12 2.4945 -0.2478 -0.0194 
0.37 1.8546 -0.1227 -0.0198 
0.25 1.9224 -0.1698 -0.0511 
0.98 1.9417 -0.1963 -0.0326 

o.lo -0.1184 0.0218 -0.6806 

1/  Equation (12). 

Table 4.—Predicted creep modulus- of several flexible adhesives 

Adhesive Stress 
Creep modulus 

1 week 2 months 10 years 50 years 

MPa MPa MPa MPa MPa 

A 0.37 0.43 0.34 0.28 0.25 

C 1.00 3.50 2.39 1.56 1.18 

D 0.98 
1.23 
1.47 
1.72 

2.06 
1.44 
1.06 
0.73 

1.30 
0.65 
0.54 
0.46 

0.59 
-0.621/ 
0.03 
0.23 

0.19 
-1.792/ 
-0.261/ 
0.18 

M 0.12 
0.25 
0.37 
0.98 

1.63 
1.48 
1.56 
1.33 

1.39 
1.38 
1.44 
1.15 

0.95 
1.19 
1.19 
0.80 

0.48 
0.99 
0.86 
0.40 

w 0.10 0.018 0.004 -0.008 2/ -0.014 2/ 

1/ Based on behavior observed for 1-1/2 to 3 week periods. 

2/ Values less than zero are indicative of failure. 
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Table 4 is an example of how creep modulus versus time data might be presented 
for use by a designer selecting an adhesive for a structural application.  In 
most cases, these long-term moduli are in the range of shear modulus values 
obtained from short-term testing at low stress levels but elevated temperature, 

study (13)!    CO      6 3t ambi6nt temPerature. as sported in a previous 

Isochronous Stress-Strain 

The isochronous stress-strain diagram, as defined in the Terminology, is a 

stre,s  C™ C"eep-Strain ™lue stained after a specific time under a constant 
stress.  The diagram may be generated by extracting creep-strains at the 
specified time from a series of long-term creep curves at different stress 
levels.  Alternatively, the diagram may be generated from a single specimen 
;°e^ of short-term creep and recovery experiments, as described by 
iurner (16).  The experiment entails loading the specimen to a low stress 
level in a universal testing machire, holding that level for the specified 
time, and then releasing the load, allowing the specimen to recover.  After 
a recovery period equal to four times the load time, the specimen is loaded 

W^  gh^StreS\leVel-  The exPerlrae"t is repeated at increasing stress 
levels until enough points are available to plot the curve. 

S!^h°MtTter is°chr°nous stress-strain experiment can be useful in several 
ways.  u;  An initial isochronous experiment can be used to select useful 

fvield ooint i°f\ihe  i°n8"term CrSeP e*Periments-  (2)  The curve may reveal 
a yield point of the adhesive at some stress.  (3)  It is a useful test for 
quickly ranking adhesives for creep resistance in a specified environment. 
.4)  Isochronous experiments can be used to check the accuracy of long-<-erm 

II w/?rrimeKtS- F
(f°ssibly the ™st valuable use of isochronous data'is to 

reouce the number of long-term creep experiments needed to define an adhesive's 
viscoelastic response.)  (5)  Isochronous curves at 2 or 3 time periods can be 
used to interpolate between creep curves. 

Figure 14 presents examples of isochronous stress-strain curves for four 
adhesives at 23 C obtained by applying a constant stress at several levels 
for 6 minutes each level, and 24 minutes recovery between stress application 
Each curve represents the average of five specimens.  The y .eld points of each 
adhesive where the log-log plot changes from linear to curvilinear is 
indicated for each adhesive. ' 

Data from the present study illustrates points 2, 3, and 4 above.  The indicated 
yield Pomt for adhesive W is 0.2 MPa.  In the long-term dead loading expe"- 

ThP  Ü-   ,  Spe"imens loaded to a st"ss of 0.2 MPa, or greater, failed. 
The indicated yield point for adhesive D was 1.0 MPa.  Adhesive D had numerous 
failures above 1.0 MPa stress level in the long-term experiment and none below. 

Attempts to check the validity and accuracy of the long-term experiment were 
not successful due . •> specimen variability and because different specimens 
were used for the short-term isochronous experiment and for long-term creep 
Short-term isochronous data should be obtained from the actual creep specimens 
before the creep experiment to check the creep data accuracy 
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Recovery Behavior 

Turner (16) developed a simple graphic expression for the ability of a 
viscoelastic material to recover.  Figure 15 shows the recovery behavior 
of adhesives M, D, and C expressed by this method.  The vertical axis is 
the fraction of the creep strain recovered at a given time.  The horizontal 
axis is the time allowed for the recovery as a perceut of the total creep time. 

The maximum recovery time in these experiments only equalled the creep time 
(reduced time =1).. Turner recommends that recovery should be allowed to 
continue for a period equal to the creep time (reduced time = 1) but, in most 
cases, reduced time need not exceed 4.  Theoretically, the curves shown in 
figure 15 should extend upward to the right and approach a fractional recovery 
of 1 asymptotically at longer reduced times.  However, it appears that reduced 
times of 10-> or 10 would be necessary for complete recovery of adhesives D 
and C under these experimental conditions.  Turner points out that the shape 
and extent of the curves will vary with the stress level and duration of 
creep.  It is also possible these adhesives have suffered irrecoverable creep. 
Adhesive C, in particular, which appears to recover very slowly, also had a 
characteristically long delay time before reacting to the applied load under 
these load and environmental conditions. 

Turner (16) describes how results of such recovery studies used in conjunction 
with standard creep data can be used to predict the course of recovery of a 
material after the removal of a given stress. 

Creep-Rupture Strength 

The stress that will cause failure of a viscoelastic material decreases as 
the duration of load increases.  The stress that causes failure at a given 
time is the creep-rupture strength.  Some materials, such as crosslinked 
adhesives, may not fail within their service life if the stress is below a 
certain level.  That level is the "endurance limit." Two methods, consta.it 
stress and constantly increasing stress, have been used to predict the 
endurance limit. 

The constantly increasing stress or Prot method (10) tests successive specimens 
to failure at successively lower ..ates of loading.  An equation fitted to the 
failure stress versus rate of load data is extrapolated to zero rate of load. 
The predicted stress at zero rate of load is the endurance limit.  The Prot 
method has the advantages that each specimen contributes to the estimate of 
the endurance limit and the experimental time is short.  As yet, no theory 
has been offered to explain this relationship.  Nevertheless, Lewis, et al. (7) 
have found good agreement between endurance limits determined by the Prot and~ 
constant stress methods. 

The constant stress method needs no justification.  Its major disadvantages 
are long experimental times, and the fact that only the weakest specimens 
contribute toward defining the endurance limit at stress levels approaching 
the limit. 
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The present creep test apparatus could be adapted to the Prot test by the 
addition of a shot loading or other mechanism for constantly increasing the 
stress.  The apparatus can be used without modificrtion for constant stress 
testing. 

Sufficient numbers of specimens of adhesives D and W failed during the 
present long-term constant stress testing to illustrate the creep-rupture 
versus time relationship shown in figure 16.  All adhesive W specimens 
loaded above the 0.1 MPa stress level failed so those data points represent 
five specimens. Adhesive D at all stress levels, and adhesive W at 0.1 MPa, 
had from two to three failures.  Thus the failure times of these failures 
represent the average of the weaker specimens of the sample population. 
From figure 16, adhesive D appears to have an endurance limit near 1.0 MPa. 
Cöincidentally, the isochronous stress-strain test of adhesive D indicated a 
yield stres?  f 1.0 MPa.  Adhesive W does not appear to have aa endurance 
limit on the basis of the limited data shown here. 

Suggested Tes- Program 

A standard method for conducting creep tests of adhesives in shear has not 
been developed.  Excellent guidelines on procedure and data collection are 
outlined in ASTM D-2990 (1), and Thomas and Turner (17) provide a wonderfully 
detailed plan for creep testing.  Their report is well worth reading for its 
discussion of creep test philosophy and equipment requirements as tfell as the 
detailed outline of a practical test procedure to determine any given visco- 
elastic relationship. 

A program of test? condensed from these sources and based on environmental 
conditions common to wood structures should include the following: 

1. Preliminary strength tests at. 23° C - 44% RH, and 71° C -.«.mbient RH, 
to help define the range of stress levels that will yield useful 
information in stress-strain and creep testing. 

2. Preliminary low-load level short-term stress-strain tests of each creep 
test specimen at standard 23° C, 44/^ RH, to screen specimens and eliminate 
those with highly variable adhesive layers. 

3. An abbreviated 6-minute stress-strain test of each specimen for' the creep 
test at the creep stress test level. The data from this test can be used 
to check the accuracy of the creep test result. 

4. Three to five creep tests on separate sets of specimens at various stress 
levels at each of the following conditions:  23° C, 44% RH; 50° C, 51% RH; 
and 70° C, 60% RH.  To evaluate the effects of moisture, it is also desirable 
to conduct at least three creep-recovery tests at 23° C, 87% RH; 23° C, 
water soaked; and 50° C, 91% RH.  The tests should extend to 4 months,' 
including a recovery period at least as long as the time under load. 

5. Two or more curves at 23° C, 44% RH, extending to 1 year and one curve for 
3 years. 
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Based on past experience (13) mastic construction adhesives generally will 
not withstand constant stress at useful design levels in the face of both 
maximum temperature and moisture 70° C, water soaked; therefore, while.such 
conditions may occur in a structure, tests at these conditions are not' 
warranted. 

SUMMARY 

A test apparatus was developed to evaluate the long-term stress-strain 
behavior of relatively flexible adhesives. The apparatus was designed for 
use in creep and creep-rupture testing, and to be easily convertible to 
stress-relaxation testing.  Information useful to design engineers and 
adhesive formulators can be obtained with this apparatus.  Preliminary 
tests revealed relationships between adhesive creep modulus and time, 
evidence of a yield point through isochronous stress-strain curves, trends 
in recovery behavior, and the creep-rupture strength of several mastic 
construction adhesives and a two-part polyurethane adhesive. 

Not all the data obtained were useful.  Many problems arose with failure of 
the electronic data collection system in the development stage.  These failures 
were mainly related to manufacturing defects, however.  The slip gage device 
for measuring adhesive slip should be redesigned to compensate for unwanted 
adherend movement or deformation.  The data collection and temperature control 
systems, while operating satisfactorily, could be improved.  These and other 
problems are discussed and suggestions were made for eliminating or minimizing 
them in future experiments. 
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APPENDIX A 

Details of the Static Loading Apparatus 
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APPENDIX B 

Development of a Procedure to Calculate the Creep Shear Slip 

When Transducer Input Voltage is Variable 

If the input voltage ta the LVDT remained perfectly constant during the duration 
of the creep experiment, the core position at any time would be simply calculated 

by: 

A = — V„ - a, (see fig. 7) 
m.  0   1 

where: 

A = core displacement, 
V = voltage output of the LVDT, and 

a ,m = the regression constant and coefficient for VQ as a function of A. 

The core displacement and consequently the creep t-hear slip at any time (t) would 

be calculated by: 

S = A - A = — 
o   t  m, 

V  - V 
0    0_ 
o    t 

where: 

S = creep shear slip, 
A - A = core displacement between the time of initial loading (o) and 

some time (t). 

But for various reasons the voltage supply to the LVDT is likely to vary or 
drift over the relatively long time periods of a creep test, and since LVDT 
output is a function of input voltage as well as the core position, it will 
vary with time and cause an error in the measured creep shear slip.  This 
error can be minimized by calibrating the LVDT for input voltage, 

V = a„ + m„VT (see fig. 8) 
0   2   2 I 

where: 

V = voltage supplied to the LVDT, 

a ,m = the regression constant and coefficient for VQ as a function of Vj.. 
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Then establishing (mp the change in the ratio VQ/V-J 
core position: ' 

as a function of the 

VQ-a2 +      A 
w2 =_vl  = a3 +m3A (see fig. 8 inset) 

it is possible to calculate A for any input voltage regardless of core position 

V a„ 0 2 
V " V   33 
1 I 

or the core displacement (A - A ) and creep shear slip (S) can be calculated by 
o   t 

S = A - A = — 
o    t  m_ 

0   a. 
 o   2 1_ 

m. V    V 

1_ 
in. 

V    V 
0   o 
 o   t 

+ a. 

But if a2 is assumed = to zero (actually experimental values of a. ranged fcom 

0 to 0.0053 with most values less than 0.0020) then the c-irected creep she.ir 
slip may be simply calculated as 

S = m3 [_o    tj 

L = V   /V   and m, are constants.  The ratio L ='V_  /v   is the test 
°   °o/ V     3 t        °t/ h 
variable to be calculated in order to determine the corrected slip at any given 
time of the creep or recovery experiment. 
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